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Abstract 43 

Chondrosarcoma (CHS) is a rare type of soft sarcoma with increased production of 44 

cartilage matrix arising from soft bone tissues. Currently, surgical resection is the 45 

primary clinical treatment for chondrosarcoma due to the poor response to radiotherapy 46 

and chemotherapy. However, the therapeutic effect is not satisfactory due to the higher 47 

local recurrence rate. Thus, management and elucidation of the pathological mechanism 48 

of chondrosarcoma remain an ongoing challenge, and development of effective 49 

chondrosarcoma mouse models and treatment options are urgently needed. Here, we 50 

generated a new transgenic chondrosarcoma model by double conditional deletions of 51 

Trp53 and Rb1 in chondrocyte lineage which spontaneously caused spinal 52 

chondrosarcoma and lung metastasis. Bioinformatic analysis of human soft sarcoma 53 

database showed that Trp53 and Rb1 genes had higher mutations, reaching up to 54 

approximately 33.5% and 8.7%, respectively. Additionally, Trp53 and Rb1 signatures 55 

were decreased in the human and mouse chondrosarcoma tissues. Mechanistically, we 56 

found that YAP expression and activity were significantly increased in mouse Col2-57 

Cre;Trp53f/f/Rb1f/f chondrosarcoma tissues compared to the adjacent normal cartilage. 58 

Knockdown of YAP in primary chondrosarcoma cells significantly inhibited 59 

chondrosarcoma proliferation, invasion, and tumorsphere formation. Chondrocyte 60 

lineage ablation of YAP delayed chondrosarcoma progression and lung metastasis in 61 

Col2-Cre;Trp53f/f/Rb1f/f mice. Moreover, we found that metformin served as a YAP 62 

inhibitor, which bound to the activity area of YAP protein, and inhibited 63 

chondrosarcoma cell proliferation, migration, invasion, and progression in vitro and 64 

significantly suppressed chondrosarcoma formation in vivo. Collectively, this study 65 

identifies the inhibition of YAP may be effective therapeutic strategies for treatment of 66 

chondrosarcoma. 67 

Keywords: Trp53, Rb1, chondrosarcoma, YAP, metformin 68 

Introduction 69 

Chondrosarcoma is a rare type of primary bone cartilage malignancies with an 70 

incident rate of about 2 new cases per a million populations per year [1, 2]. It is the 71 

second most common primary malignant bone tumor and has a higher local recurrence 72 

rate. Although most of solid tumors have infrequent metastasis, the lung metastasis is 73 

the most common in chondrosarcoma [3, 4, 5]. It predominantly occurs in adults aged 74 

after 40 years old [6]. Currently, surgical resection is the primary clinical treatment for 75 

chondrosarcoma due to the poor response to radiotherapy and chemotherapy. However, 76 

the therapeutic results are not unfavorable due to the higher local recurrence and 77 

mortality rates. Thus, management and elucidation of the pathological mechanism of 78 

chondrosarcoma remain an ongoing challenge, and development of effective 79 

chondrosarcoma mouse models and treatment options are urgently needed. 80 

To discover a new drug or for drug repurposing, developing a mouse model that 81 

closely mimics human chondrosarcoma initiation and progression is one of the most 82 

important approaches in clinic. Currently, only few chondrosarcoma animal models 83 

have been developed including allograft tumor transplanted into the hamster or rat [7, 84 
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8]. Despite these models are more useful for evaluating chondrosarcoma growth, there 85 

are less relevant to the human disease that restricts the elucidation of the pathological 86 

mechanism and development of novel therapeutic drugs. Transgenic cancer models are 87 

becoming more favored, because these types of models have been characterized to be 88 

accurate models in oncology, which can finely control tumor genetics and more 89 

accurately study the tumor initiation and development, and delineate the potential 90 

molecular drivers or inhibitors of these pathologies [9, 10]. One transgenic 91 

chondrosarcoma mouse model has been developed by transgenically overexpressing c‐92 

Fos. However, unpredictability of tumor location, varying phenotypes (including 93 

osteosarcoma), and multiple tumors formation lead to the potential problem of 94 

interpreting data using this model for developing therapies [11, 12]. 95 

The identification of some tumor suppressors’ mutation in cancer tissues can 96 

provide new strategies and options for development of the new drug targets. Among 97 

these tumor suppressors, the mutations of Trp53 and Rb1 are most well-studied in 98 

different tumors. Notably, alterations of Trp53 and Rb1 were observed in about 33-96% 99 

and 20-50% of chondrosarcomas respectively [13, 14, 15, 16]. Additionally, the 100 

chondrosarcoma originates from cartilaginous tissues that are rich of chondrocytes. 101 

However, whether loss of Trp53 and/or Rb1 in chondrocyte lineage can cause 102 

chondrosarcoma remains undefined.  103 

Hippo pathway is crucial for skeletal development and tumorigenesis through 104 

modulating the activity of the essential downstream effectors Yes-associated protein 105 

(YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) [17, 18, 19, 20, 106 

21]. The enhanced expression and nuclear localization, and decreased phosphorylation 107 

of YAP are frequently observed in abundant tumors, and also considered as novel 108 

prognostic markers in sarcoma [20, 21, 22]. Of note, although YAP doesn’t have the 109 

DNA binding motif, it can function as a key transcription coactivator of other 110 

transcriptional factors such as the TEA domain transcription factors (TEADs), Slug and 111 

Snail to regulate cell proliferation and apoptosis [20, 21, 23]. In cancers, 112 

hypophosphorylated YAP tends to translocate into nuclear and further bind with its 113 

major partner TEADs, and thereby regulate target genes’ expression [17, 20, 21]. 114 

Previous studies showed that YAP expression level is elevated in soft sarcomas 115 

including synovial sarcoma and Ewing sarcoma [24, 25] and inhibition of YAP 116 

signaling prohibits the lung metastasis potential of Ewing sarcoma cells [25]. In 117 

osteosarcoma, we have recently demonstrated that YAP governs the osteosarcoma 118 

progression and lung metastasis [17]. Currently, metformin, primarily used for the 119 

treatment of type 2 diabetes mellitus, has been reported to effectively inhibit cancers 120 

such as uterine cancer, pancreatic cancer, and gastric carcinoma in clinical trials [26, 121 

27]. Moreover, some evidence showed that metformin can decrease YAP expression 122 

and increase its phosphorylation level in bladder cancer, and eventually disrupt the 123 

formation of YAP/TEAD complex [28]. However, whether metformin can inhibit 124 

chondrosarcoma development and lung metastasis is unknown.  125 

Here, we explored the function and molecular mechanisms of Trp53 and Rb1 in 126 
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driving chondrosarcoma formation and lung metastasis. Our data showed that double 127 

deletions of Trp53 and Rb1 in chondrocytes led to spontaneous development of 128 

chondrosarcoma through activation of YAP signaling. Deletion of YAP or inhibition 129 

of YAP by metformin significantly inhibited the chondrosarcoma progression in this 130 

new Col2-Cre;Trp53f/f/Rb1f/f chondrosarcoma mouse model. Thus, this study provides 131 

a new transgenic chondrosarcoma model and a proof of principle that the inhibition of 132 

YAP activity may be a potential therapeutic target for chondrosarcoma.  133 

Results 134 

Trp53 and Rb1 signatures are decreased in human chondrosarcoma. 135 

To understand the function of Trp53 and Rb1 in chondrosarcoma formation, we 136 

first analyzed the mutation rates of some tumor suppressors in the soft sarcoma database 137 

from TCGA (The Cancer Genome Atlas). Encouragingly, our data showed that Trp53 138 

and Rb1 had higher mutation rates reached up to 33.5% and 8.7%, respectively (Fig. 139 

1A). Further analysis of Trp53 and Rb1 expressions in human chondrosarcoma cell 140 

lines from the dataset available in the GEO database under accession number 141 

GSE48420 [29] also showed a significant decrease compared to the normal human 142 

chondrocytes (Fig. 1B, C). Consistently, immunohistochemistry (IHC) staining of 143 

human chondrosarcoma samples also showed lower expression of Trp53 and Rb1, as 144 

evidenced by analysis of compared to the normal (Fig.1 D-F). 145 

Deletion of Trp53 and Rb1 in chondrocytes causes spinal chondrosarcoma and 146 

lung metastasis. 147 

To further investigate the potential function of Trp53 and Rb1 in chondrosarcoma, 148 

we generated the mouse conditional knockout lines in which Trp53 or/and Rb1 were 149 

deleted in chondrocyte lineage by crossing Trp53f/f, Rb1f/f and Trp53f/f/Rb1f/f floxed 150 

mice with a transgenic Cre line driven by a Col2a1 promoter (henceforth referred to as 151 

Col2-Cre;Trp53f/f, Col2-Cre;Rb1f/f and Col2-Cre;Trp53f/f/Rb1f/f mice). qRT-PCR data 152 

verified that Trp53 and Rb1 were abrogated in chondrocytes (Supplemental Fig. S1A, 153 

B). Interestingly, we found single deletion of Trp53 or Rb1 in Col2-expressing cells did 154 

not lead to chondrosarcoma formation at observed time points of 1-, 4- and 12-month-155 

old mice (Supplemental Fig. S1C). However, X-ray results showed that Col2-156 

Cre;Trp53f/f/Rb1f/f mice exhibited slight bone density changes in spinal bone at 1 month 157 

old, and an apparent disruption in the spinal bone and a big and relatively soft mass 158 

surrounding the spinal bone at 4 months, suggesting Col2-Cre;Trp53f/f/Rb1f/f mice form 159 

spinal chondrosarcoma (Supplemental Fig. S1C). Moreover, Col2-Cre;Trp53f/f/Rb1f/f 160 

mice at 5 months showed a big mass (Fig. 2A). X-ray image showed a disruption in the 161 

vertebrate bone in the thoracic spine region (Fig. 2B). The average volume of 162 

chondrosarcoma was increased with age (Fig. 2C). The mice lost walking ability 163 

approximately at 4.5 months (Supplemental video). The Kaplan-Meier survival curves 164 

demonstrated a significantly shorter survival rate in the Col2-Cre;Trp53f/f/Rb1f/f mice 165 

compared to the Col2-Cre control mice (Fig. 2D). Moreover, we identified the 166 

vertebrate bone architecture of Col2-Cre;Trp53f/f/Rb1f/f mice by performing safranin 167 
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O/fast green staining and found that chondrosarcoma cells were mainly expanded and 168 

filled in the marrow cavity of vertebrate bone (Fig. 2E). H&E staining showed intense 169 

cellularity and severe cytologic atypia pattern (Fig. 2F), and lung metastasis instead of 170 

other organs such as brain, spleen, kidney, and liver (Fig. 2G and Supplemental Fig. 171 

S1D). Overall, deletion of Trp53 and Rb1 in chondrocytes caused spinal 172 

chondrosarcoma and lung metastasis. 173 

Deletion of Trp53 and Rb1 increases the expansion and differentiation ability of 174 

chondrocytes. 175 

To further explore the mechanism by which Trp53 and Rb1 function in 176 

chondrosarcoma formation, we identified the expansion and differentiation ability of 177 

chondrocytes after ablation of Trp53 and Rb1 in chondrocytes. We first isolated 178 

primary chondrocytes from Col2-Cre;Trp53f/f/Rb1f/f mice and controls. Intriguingly, 179 

we found the proliferation rate of primary chondrocytes in Col2-Cre;Trp53f/f/Rb1f/f 180 

mice was significantly increased compared to that in the controls (Fig. 3A). 181 

Concomitantly, the colony numbers were also remarkably increased in Trp53 and Rb1 182 

deficient chondrocytes (Fig. 3B, C), suggesting that Trp53 and Rb1 negatively 183 

regulated the proliferation and growth of chondrosarcoma cells. The result from soft 184 

agar assay showed an outstanding increase in cell migration and invasion activities after 185 

loss of Trp53 and Rb1in comparison with controls (Fig. 3D, E). To identify the effect 186 

of Trp53 and Rb1 on chondrocyte maturation, we cultured the primary chondrocytes in 187 

chondrogenic differentiation medium. After culture of 10 days, we found Trp53 and 188 

Rb1 promoted the cartilage nodule formation (Fig. 3H).  189 

YAP signaling acts as a potent driver of the onset and progression of 190 

chondrosarcoma. 191 

To further define the mechanism by which Trp53/Rb1 regulates chondrosarcoma 192 

progression, we analyzed publicly available human chondrosarcoma data from 193 

GSE48420 [29]. Volcano plot of those database showed a set of significantly 194 

downregulated (1969) and upregulated (1732) genes with more than 2-fold change 195 

compared to normal chondrocytes (Fig. 4A). Among these genes, the Hippo pathway 196 

exhibited a conserved signature as one of top significantly enriched gene sets (Fig. 4B). 197 

Moreover, YAP expression level increased in both human chondrosarcoma tissues (Fig. 198 

4C) and Col2-Cre;Trp53f/f/Rb1f/f mouse chondrosarcoma tissues compared to adjacent 199 

normal cartilage (Fig. 4D). Immunofluorescence assay also revealed an enhanced 200 

endogenous YAP nuclear localization in primary chondrosarcoma cells from Col2-201 

Cre;Trp53f/f/Rb1f/f mice compared to the controls (Fig. 4E, F). To further examine 202 

YAP/TEAD1 transcriptional activity, we conducted 8xGTIIC-luciferase assay which 203 

was confirmed with high specificity and sensitivity [17, 30, 31]. The result showed a 204 

significantly increased transcriptional activity of YAP in Trp53/Rb1-deficient 205 

chondrocytes (Fig. 4G). Given that YAP activity was increased in chondrosarcoma, we 206 

next silenced YAP in primary chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f mice 207 

using two different YAP shRNA lentivirus (Supplemental Fig. S2) to identify whether 208 

inhibition of YAP can suppress chondrosarcoma progression. Our data showed that 209 
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knockdown of YAP significantly inhibited anchorage-independent cell growth in soft 210 

agar (Fig. 4H). and reduced ability of cell migration and invasion compared with the 211 

controls (Fig. 4I, J). Additionally, the result from tumorsphere culture showed that 212 

knockdown of YAP remarkably decreased the formation and diameter of tumorspheres 213 

(Fig. 4K). Hence, these results indicated that YAP is a potent driver of chondrosarcoma. 214 

Metformin inhibits chondrosarcoma progression through YAP signaling. 215 

Emerging evidence indicates that metformin regulates the formation of 216 

YAP/TEAD complex [26, 28]. To test the role of metformin in regulating YAP 217 

activation in chondrosarcoma, we performed a molecular docking between YAP and 218 

metformin. Interestingly, we found that metformin could bind to the activity area [32] 219 

(6GE3 from PDB) of YAP protein and prohibit the interaction of YAP and TEAD  220 

(Fig. 5A). To further characterize the effects of metformin on chondrosarcoma 221 

progression, we explored WST-1 assay to examine the effect of metformin on 222 

chondrosarcoma cell proliferation. As expected, we found metformin prohibited the 223 

chondrosarcoma cell growth in dose dependent manner (Fig. 5B). Moreover, the 224 

activities of migration and invasion of primary chondrosarcoma cells were significantly 225 

inhibited after treatment with metformin compared with the controls (Fig. 5C, D). 226 

Metformin inhibited anchorage-independent chondrosarcoma cell colony formation in 227 

soft agar (Fig. 5E, F) and the formation and size of tumorspheres, respectively (Fig. 5G, 228 

H). Mechanistically, we found that metformin inhibited the nuclear localization and 229 

transcriptional activity of YAP (Fig. 5I, J), and significantly reduced YAP target genes’ 230 

expression (Fig. 5K). Collectively, our findings suggested that metformin inhibits 231 

chondrosarcoma progression through YAP signaling. 232 

Inhibition of YAP significantly suppresses chondrosarcoma progression in Col2-233 

Cre; Trp53f/f/Rb1f/f mice. 234 

To corroborate the above observations and assess the role of YAP on the 235 

chondrosarcoma progression in Col2-Cre;Trp53f/f/Rb1f/f mice (double cKO mice), we 236 

constructed a triple conditional knockout mouse model Col2-Cre;Trp53f/f/Rb1f/f/YAPf/f 237 

(triple cKO mice). As expected, our X-ray data showed that deletion of YAP could 238 

partly protect against the spinal bone destruction and display a decreased volume of 239 

chondrosarcoma in Col2-Cre;Trp53f/f/Rb1f/f mice, suggesting that inactivation of YAP 240 

in Col2-Cre;Trp53f/f/Rb1f/f mice could block chondrosarcoma progression (Fig. 6A, B). 241 

Furthermore, we also found the chondrosarcoma lung metastasis was inhibited by loss 242 

of YAP (Fig. 6C). Additionally, the Kaplan-Meier survival curves plotted for the mice 243 

showed a significantly longer mean survival rate in the triple cKO mice compared with 244 

the double cKO mice (Fig. 6D). To test the capacity to promote tumor growth after loss 245 

of YAP, we performed WST-1 and soft agar assays using chondrosarcoma cells from 246 

triple cKO mice and double cKO mice. Noteworthy, the tumor growth was significantly 247 

inhibited after loss of YAP (Fig. 6E, F). Meanwhile, deletion of YAP significantly 248 

inhibited cell migration and invasion (Fig. 6G, H). In accordance with the reduced 249 

mobility of osteosarcoma cells, loss of YAP remarkably decreased the numbers and 250 

size of tumorsphere compared with that in double cKO group (Fig. 6I). To investigate 251 
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the role of metformin in vivo, we further used metformin to treat the Col2-252 

Cre;Trp53f/f/Rb1f/f mice via intraperitoneal injection three times per week starting at 4 253 

weeks of age, when the spine began to expand in Col2-Cre;Trp53f/f/Rb1f/f mice (Fig. 254 

6J). The analysis of X-ray images and chondrosarcoma volume indicated that 255 

metformin significantly inhibited tumor growth and improved the mobility of Col2-256 

Cre;Trp53f/f/Rb1f/f mice at the age of 4 months (Fig. 6J, K), as evidenced by Safranin 257 

O/Fast Green staining (Fig. 6L). 258 

Discussion 259 

Chondrosarcoma is a rare type of soft sarcoma with increased production of 260 

cartilage matrix arising from soft bone tissues [33, 34]. If no effective therapeutic 261 

options are taken that would lead to a below approximately 30% survival rate in the 262 

following 10 years in the patients with unresectable or metastatic chondrosarcoma. 263 

Here, we first demonstrated that loss of Trp53 and Rb1 in chondrocytes caused spinal 264 

chondrosarcoma and lung metastasis, and the inhibition of YAP expression and activity 265 

may be therapeutically valuable.  266 

Mutation of Trp53 and Rb1 has been found in many kinds of human tumors 267 

especially sarcoma [35, 36, 37]. In consistent with that, by performing bioinformatic 268 

analysis of human soft sarcoma database from TCGA, we found the mutant rates of 269 

Trp53 and Rb1 reached up to approximately 33.5% and 8.7%, respectively. Intriguingly, 270 

we found double conditional deletions of Trp53/Rb1 in chondrocytes using Col2-Cre 271 

resulted in spinal chondrosarcoma formation and lung metastasis, but single deletion of 272 

Trp53 or Rb1 didn’t cause chondrosarcoma. The incidence of spinal chondrosarcomas 273 

in human is about 2% to 12%, and the thoracic spine is the most frequent localization, 274 

followed by the cervical and lumbar region [38]. Almost all patients have symptoms of 275 

pain and a palpable mass and bout 50% of patients also have neurologic symptoms. 276 

Similar to these symptoms, we found Col2-Cre;Trp53f/f/Rb1f/f mice lost walking ability 277 

due to the pain and disruption of spine, vertebrate bone and neurologic deficits. 278 

Chondrosarcoma is the second most common primary malignant bone tumor after 279 

osteosarcoma. Previous studies showed that single deletion of Rb1 in mesenchymal 280 

cells and osteoblasts couldn’t cause osteosarcoma formation [36, 39]. However, it’s 281 

well-known that single deletion of Trp53 alone in osteoblast precursors using OSX-Cre 282 

develops spontaneous osteosarcoma and survives to approximately 10 months [39]. 283 

Chondrocytes usually function as earlier than osteoblasts. Unexpectedly, we didn’t find 284 

spinal chondrosarcoma formation after deletion of Trp53 alone in Col2-Cre and the 285 

mice can be survived at age of 12 months. It’s possible that Trp53 has not yet caused 286 

chondrosarcoma formation, but chondrogenesis has stopped. Because, chondrocytes-287 

mediated chondrogenesis generally is considered to play critical functions at the earliest 288 

phase during skeletal development and then gradually becomes weaker. Indeed, how 289 

the Trp53 and RB1 precisely coordinate the function of osteoblast and chondrocyte 290 

lineages is largely unknown, which needs to be further verified in the future. We believe 291 

that our first findings will develop and validate a new pre-clinical chondrosarcoma 292 

mouse model and test new therapeutic strategy for combating chondrosarcoma. 293 
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YAP as a core regulator of the Hippo pathway is crucial for tumorigenesis and 294 

skeletal development by regulating cell proliferation, differentiation, and apoptosis, and 295 

is also considered as a prognostic biomarker in many tumors [19, 21, 40]. Our previous 296 

study showed that YAP has an elevated expression and directs the osteosarcoma 297 

progression and lung metastasis [17]. Trp53 deficiency cooperates with elevated 298 

expression of YAP to promote tumorigenesis with an altered differentiation of original 299 

cells [41, 42]. Inactivation of Trp53, or combined loss of Trp53 and Rb1, in mammary 300 

epithelium has been approved to result in mammary carcinomas that bear recurrent 301 

YAP amplifications [41]. What’s more, these carcinomas appear to become more 302 

sensitive and addicted to YAP overexpression. In consistent with that, we found the 303 

Hippo-YAP pathway is a conserved signature as one of top significantly enriched gene 304 

sets in soft sarcoma, and YAP signature was increased in both human and mouse 305 

chondrosarcoma tissues compared to adjacent normal cartilage. More importantly, we 306 

found loss of Trp53 and Rb1 in chondrocytes promoted YAP expression and nuclear 307 

translocation and elevated the YAP/TEAD1 transcriptional activity. On the contrary, 308 

knockdown of YAP showed a reduced ability of chondrosarcoma cell migration and 309 

invasion and tumor formation. In vivo, we found loss-of-function of YAP delayed 310 

chondrosarcoma progression and lung metastasis in Col2-Cre;Trp53f/f/Rb1f/f mice, and 311 

the Kaplan-Meier survival curves plotted for the mice showed a significantly longer 312 

mean survival rate in the triple cKO mice compared with the double cKO mice. All 313 

these findings suggested that Hippo-YAP signaling may be a potent driver of the onset 314 

and progression of chondrosarcoma. 315 

Metformin is the first-line drug for the treatment of type 2 diabetes [27]. Recent 316 

studies demonstrated metformin exhibits strong anti-tumor functions in some tumor 317 

cell and mouse models [43, 44]. Additionally, there is strong evidence for the interplay 318 

between decreased tumor incidence and metformin treatment [45, 46]. The current 319 

studies also highlight the fact that metformin could inhibit the transcriptional activity 320 

and expression of YAP. Consistently, our data showed that metformin could bind to the 321 

activity area of YAP protein directly and prohibit its transcriptional activity and 322 

chondrosarcoma progression, indicating that metformin is potential new drug for 323 

treatment of chondrosarcoma. Supportively, other studies also demonstrated that 324 

metformin inhibit tumorigenesis through disruption of YAP/TEAD complex formation 325 

and inhibition of YAP-mediated target genes’ transcription [28, 40]. In vivo, inhibition 326 

of YAP signaling by metformin significantly suppressed chondrosarcoma formation. 327 

Collectively, this study provides a new transgenic chondrosarcoma model and identifies 328 

the inhibition of YAP may be effective therapeutic strategies for treatment of 329 

chondrosarcoma.  330 

Materials and Methods 331 

Animals and human samples  332 

Col2-Cre, and YAPf/f mice were purchased from The Jackson Laboratory (Bar 333 

Harbor, USA). Trp53f/f/Rb1f/f mice were as a gift from Dr. David M. Feldser’s lab at 334 
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Department of Cancer Biology, University of Pennsylvania. The human 335 

chondrosarcoma and normal cartilage samples were purchased from US Biomax 336 

company (USA). 337 

Antibodies and reagents 338 

Trp53 (1C12), YAP (D8H1X), GAPDH antibodies, and Hippo Signaling 339 

Antibody Sampler Kit were purchased from Cell Signaling Technology. Antibody 340 

against Rb1 was purchased from Santa Cruz Biotechnology. The secondary fluorescent 341 

antibodies and H&E staining kit were from Abcam. DAB Substrate Kit was ordered 342 

from Vector Laboratories Inc. Plasmids pRL-TK, 8xGTIIC-luciferase, and shYAP1/2 343 

were obtained from Addgene. The transfection reagents (FuGENE® HD) were obtained 344 

from Promega Corporation. 345 

Cell culture and micromass 346 

Primary chondrocytes in this study were isolated from the embryonic limb buds of 347 

Col2-Cre;Trp53f/f/Rb1f/f mice and controls, respectively. Primary chondrosarcoma cells 348 

were isolated from chondrosarcoma of Col2-Cre;Trp53f/f/Rb1f/f mice. Briefly, the fresh 349 

embryonic limb buds and chondrosarcoma were cleaned after removing all around soft 350 

tissues and cut into pieces, and then dissociated with Trypsin solution (Fisher 351 

Scientific™, USA) at 37 °C for 30 min. Subsequently, these cells after digestion were 352 

harvested and cultured in α-MEM (Gibco, USA) supplemented with 10% FBS (Gibco, 353 

USA) and 1% Pen-Strep solution (Gibco, USA) at 37°C with 5% humidified CO2, and 354 

the medium was replaced every other day. Micromass cultures were performed as 355 

previously described [18].  356 

qRT-PCR 357 

Briefly, 1 μg total RNA extracted from primary chondrocytes of Col2-Cre, Col2-358 

Cre;Trp53f/f, Col2-Cre;Rb1f/f, and Col2-Cre;Trp53f/f/Rb1f/f mice, or primary 359 

chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f mice using TRIzol reagent 360 

(TaKaRa, Japan) was reverse-transcribed into cDNA by PCR using PrimeScript™ RT 361 

Kit (TaKaRa, Japan). qRT-PCR was then performed by CFX96 Real-Time PCR 362 

System and the SYBR Green mixture (Bio-Rad, USA). GAPDH was served as an 363 

internal control and was determined by 2–∆∆Ct method. The primers of qRT-PCR in this 364 

study were listed in Supplemental Table S1.   365 

Cell functional assays  366 

Cell proliferation, migration, invasion, and tumorsphere assays were carried out as 367 

we performed previously [17].  368 

Luciferase reporter assay 369 

For luciferase reporter assay, the chondrocytes were seeded and co-transfected with 370 

luciferase reporter and the indicated plasmids in the 12-well plate. After culturing for 371 

48 hr, the luciferase activities were analyzed by the Dual-Luciferase Assay Kit as we 372 

performed previously [17]. 373 

Radiographic procedures analysis 374 
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Radiographic procedures were performed in the Siemens X-ray equipment 375 

(Madison, WI, USA) as we performed previously [17].  376 

Histological analysis 377 

Vertebrate bones from 5-month-old Col2-Cre;Trp53f/f/Rb1f/f mice and controls 378 

were harvested, fixed in 4% paraformaldehyde (PFA) overnight at 4°C, decalcified with 379 

14% EDTA in PBS (pH 7.4) for 1 month, and then embedded in paraffin. Soft tissues 380 

including the lung, kidney, spleen, brain, and liver from Col2-Cre;Trp53f/f/Rb1f/f mice 381 

and controls were fixed and embedded in paraffin. Six-micrometer sections of the above 382 

tissues were prepared, and then the stainings of Haemotoxylin and Eosin (H&E), 383 

Safranin O/fast green, and Alcian blue staining were conducted as we previously 384 

reported [17, 18]. 385 

Immunofluorescence and immunohistochemistry 386 

For immunofluorescence staining, the primary chondrocytes from 5-month-old 387 

Col2-Cre;Trp53f/f/Rb1f/f and Col2-Cre mice were seeded and cultured on coverslips. 388 

After culture of 48 hr, the coverslips were fixed in 4% PFA for 5 minutes at room 389 

temperature, and then permeabilized with 0.3% Triton X-100 in PBS (PBST) for 3 390 

times per 5 minutes each. Next, the cells were blocked by 1% BSA for 1 hr at room 391 

temperature and probed with primary antibody against rabbit anti-YAP (1:200 dilution) 392 

overnight at 4°C. After washing for 3 times with PBST, the cells were incubated with 393 

Alexa Fluor® 594-conjugated second anti-rabbit antibody (1:1000 dilution) for 1 hr at 394 

dark. Then, counter stain of nuclei was performed with DAPI and washed 3 times with 395 

PBST, and then the cells were visualized under a fluorescence microscope as we 396 

previously reported [17, 18]. Immunohistochemistry was carried out as we previously 397 

reported [17]. 398 

Western blot  399 

Briefly, the fresh chondrosarcoma tissues and adjacent normal cartilage from 400 

Col2-Cre;Trp53f/f/Rb1f/f mice were harvested and lysed with RIPA lysis buffer and 401 

protein inhibitor cocktail (Fisher Scientific™, USA), respectively. And then, equal 402 

amount of the above proteins was subjected to SDS-PAGE gel (Bio-Rad, USA), 403 

transferred to a PVDF membrane (GVS Life Sciences, USA), and immunoblotted with 404 

primary antibodies YAP, pYAP and GAPDH (1:1000 dilution) for overnight at 4°C. 405 

Following 3 times washing with 0.1% TBST (Tween-20 in TBS), the PVDF 406 

membranes were incubated with HRP-conjugated anti-rabbit antibody (1:1000 dilution) 407 

for 1 hr at room temperature. After washing 3 times with TBST, the membranes were 408 

analyzed by ECL solution (Thermo Fisher, USA) as we previously reported [17, 18]. 409 

Docking and bioinformatic analysis 410 

The structures of YAP protein (6GE3) and metformin were obtained from the 411 

Protein Data Bank (PDB) and PubChem database of National Center for Biotechnology 412 

Information (NCBI). The YAP-metformin docking was performed using PyMOL and 413 

AutoDock software. Public available human chondrosarcoma cells and normal 414 

chondrocytes database from Gene Expression Omnibus (GEO, ID: GSE48420) [29] 415 
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were used to determine the genes’ fold change and KEGG analysis. For each gene, 416 

significant differences in expression were identified using the two-tailed, Student’s t-417 

test, with p values < 0.05 considered statistically. All data were downloaded and 418 

analyzed by R packages DESeq2 and ClusterPfofiler . 419 

Statistical analysis 420 

Experimental results were reported as mean ± SEM and analyzed by the software 421 

of SPSS 21, and the data were analyzed using Student’s t-test. The statistical 422 

significance of multiple groups was determined by 2-way ANOVA. P values < 0.05 423 

were considered significantly. 424 
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Figure legends 568 

Fig. 1 Trp53 and Rb1 signatures are decreased in human chondrosarcoma. A The 569 

mutant rate of chondrosarcoma > 3% from TCGA. The red boxes direct to Trp53 and 570 

Rb1. B, C Trp53 and RB1 expression from GSE48420. D IHC analysis of the 571 

expressions of Trp53 and Rb1 in human normal cartilage and chondrosarcoma samples 572 

as indicated. E, F The expressions of Trp53 and Rb1 were quantified based on IHC 573 

staining by Image J software. N=12. Scale bar, 100 μm. Error bars were the means ± 574 

SEM. **p<0.01. 575 

Fig. 2 Deletion of Trp53 and Rb1 in chondrocytes causes spinal chondrosarcoma 576 

and lung metastasis. A Col2-Cre;Trp53f/f/Rb1f/f mice at 5 months. B X-ray analysis of 577 

Col2-Cre;Trp53f/f/Rb1f/f mice and controls at age of 5 months. The red arrows direct to 578 
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the spinal chondrosarcoma. C Tumor volume analysis of Col2-Cre;Trp53f/f/Rb1f/f mice. 579 

D Kaplan-Meier survival analysis indicating overall survival of Col2-580 

Cre;Trp53f/f/Rb1f/f mice and controls as indicated. E Representative Safranin O/Fast 581 

Green staining images of spinal chondrosarcoma from 5-month-old Col2-582 

Cre;Trp53f/f/Rb1f/f mice. The red arrows direct to chondrosarcoma in spine. Scale bar, 583 

75 μm. F Representative H&E staining images of chondrosarcoma from 5-month-old 584 

Col2-Cre;Trp53f/f/Rb1f/f mice. Scale bar, 100 μm. The high-resolution image was at left 585 

as shown. Scale bar, 25 μm. G Representative H&E staining images of chondrosarcoma 586 

lung metastasis from 5-month-old Col2-Cre;Trp53f/f/Rb1f/f mice and controls. Scale bar, 587 

100 μm. The red arrow directs to chondrosarcoma in the lung. Error bars were the 588 

means ± SEM from three independent experiments. *P < 0.05, **P < 0.01. 589 

Fig. 3 Deletion of Trp53 and Rb1 increases the expansion and differentiation 590 

ability of chondrocytes. A Cell proliferation rate of primary chondrocytes and 591 

chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f mice and age-matched controls 592 

(Col2-Cre) as shown by WST-1 assay. B, C Soft agar after culture of 3 weeks using 593 

primary chondrocytes and chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f mice 594 

and age-matched controls, respectively (B). Cell numbers were quantified in the 595 

corresponding column as indicated (C). D Migration and invasion as indicated. E 596 

Migration and invasion were quantified in the corresponding column as indicated. F, G 597 

Tumorspheres were cultured as indicated for 3 days using primary chondrosarcoma 598 

cells from Col2-Cre;Trp53f/f/Rb1f/f mice and age-matched controls. The diameter of 599 

tumorspheres was quantified in the corresponding column as indicated (G). H 600 

Micromass culture primary chondrosarcoma cells and chondrocytes from Col2-601 

Cre;Trp53f/f/Rb1f/f mice and age-matched controls from Col2-Cre; Trp53f/f/Rb1f/f mice 602 

and controls. After culture of 10 days, the macromass cultures as indicated were stained 603 

by Alcian blue staining. Error bars were the means ± SEM from three independent 604 

experiments. *P < 0.05, **P < 0.01. 605 

Fig. 4 YAP signaling is a potent driver of the onset and progression of 606 

chondrosarcoma. A Volcano plot of transcriptome profiles between human 607 

chondrosarcoma cell lines and controls from GSE48420. B KEGG analysis of the 608 

chondrosarcoma RNA-seq data showing the top 20 enriched pathways. Red box directs 609 

to Hippo pathway. C IHC analysis of the expression of YAP in human normal cartilage 610 

(control) and chondrosarcoma (hCHS) samples. Quantitative analysis was at right by 611 

Image J software. N=12. D YAP expression in chondrosarcoma tissues (mCHS) from 612 

Col2-Cre;Trp53f/f/Rb1f/f mice compared to adjacent normal cartilage (control). E 613 

Schematic presentation of primary chondrosarcoma cells from Col2-Cre;p53f/f/Rb1f/f 614 

mice. F Representative images of immunofluorescent staining of YAP in primary 615 

chondrosarcoma cells. Scale bars, 50 μm. G The primary chondrosarcoma cells from 616 

Col2-Cre;Trp53f/f/Rb1f/f mice or primary chondrocytes from Col2-Cre mice were co-617 

transfected with luciferase reporter and pRL-TK plasmids (internal control) as indicated, 618 

respectively. After transfection of 48 hr, the luciferase activities were identified by the 619 

Dual-Luciferase Assay Kit. H Soft agar analysis after silence of YAP using two 620 
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different YAP lentivirus in primary chondrosarcoma cells from Col2-Cre;p53f/f/Rb1f/f 621 

mice as indicated. The corresponding quantification was identified at right. I-K The 622 

analyses of migration (I), invasion (J) and tumorsphere (K) after silence of YAP in 623 

primary chondrosarcoma cells as above. The corresponding quantification was 624 

identified at right. Error bars were the means ± SEM from three independent 625 

experiments. *P < 0.05, **P < 0.01.  626 

Fig. 5 Metformin inhibits chondrosarcoma progression through YAP signaling. A 627 

Docking between YAP (6GE3 from PDB) and metformin. B After treatment of 628 

different dose metformin as shown, the cell proliferation was determined at D0, D1, 629 

and D2 using primary chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f mice. C 630 

Representative images of migration and invasion after treatment of different dose 631 

metformin as indicated using primary chondrosarcoma cells. D The quantitative 632 

analysis of migration and invasion based on (C). E, F Representative images of soft 633 

agar (E) and quantitative analysis (F) after treatment of metformin as shown for 3 634 

weeks. G, H Representative images of tumorsphere (G) and quantitative analysis (H) 635 

after treatment of metformin for 3 days as indicated. I Metformin inhibits YAP nuclear 636 

translocation. J After treatment with metformin of 48 hr, luciferase activities were 637 

identified as indicated. K qRT-PCR analysis of YAP target genes’ expression. Error 638 

bars were the means ± SEM from three independent experiments. *P < 0.05, **P < 639 

0.01. 640 

Fig. 6 Inhibition of YAP signaling delays chondrosarcoma progression in Col2-641 

Cre;Trp53f/f/Rb1f/f mice. A Representative X-ray images of Col2-Cre;Trp53f/f/Rb1f/f 642 

and Col2-Cre;Trp53f/f/Rb1f/f/YAPf/f mice at 6 months. The red arrows direct to the 643 

destruction in the spine. B Tumor volume analysis as indicated. C Representative H&E 644 

staining images of chondrosarcoma lung metastasis as indicated. Scale bar, 100 μm. D 645 

Kaplan-Meier survival analysis indicating overall survival of Col2-Cre;Trp53f/f/Rb1f/f 646 

mice and controls as indicated. E Cell proliferation rate of chondrosarcoma cells from 647 

Col2-Cre;Trp53f/f/Rb1f/f and Col2-Cre;Trp53f/f/Rb1f/f/YAPf/f mice as shown by WST-1 648 

assay after D0, D1, D2 and D3. F-I Representative images and quantitative analysis of 649 

soft agar (F), migration (G), invasion (H), and tumorsphere (I) using primary 650 

chondrosarcoma cells from Col2-Cre;Trp53f/f/Rb1f/f and Col2-651 

Cre;Trp53f/f/Rb1f/f/YAPf/f mice as indicated. J Representative X-ray images of spines 652 

after treatment with metformin (100, 200 and 400 mg/kg) or PBS (control) three times 653 

per week for 3 months as indicated. K Tumor volume analysis after treatment with 400 654 

mg/kg metformin or PBS (control) three times per week for 3 months as indicated. L 655 

Representative Safranin O/Fast Green staining images of spinal chondrosarcoma from 656 

Col2-Cre;Trp53f/f/Rb1f/f mice after treatment with metformin (0 and 400 mg/kg) three 657 

times per week for 3 months as indicated. The red arrows direct to chondrosarcoma in 658 

spine. Error bars were the means ± SEM from three independent experiments. *P < 659 

0.05, **P < 0.01, **P < 0.001. 660 


